Organisms often adopt consistent left-right (LR) asymmetric positioning and morphology of internal organs, a phenomenon known as handedness or chirality. Th e chirality of biomolecules such as sugar and DNA has been recognized for a long time, but the origins of LR asymmetry in living organisms are not yet well understood. In general, the LR patterning is considered to follow four steps: (i) LR symmetry breaking by orienting the LR axis with respect to the anteroposterior and dorso ventral axes [1]; (ii) transferring initial chiral informa tion into LR positions in a multicellular fi eld; (iii) LR asymmetric expression of signaling molecules; and (iv) asymmetric morphogenesis of visceral organs induced by these molecules [2] [3] [4] . Proper LR patterning requires reliable breaking of LR symmetry at early developmental stages as well as the transmission and amplifi cation of LR signals at later stages. Defects in any of the four steps may lead to severe outcomes in laterality. For instance, during the asymmetric gene expression, the midline struc ture functions as a barrier and keeps left-sided signals from aff ecting the right side, and vice versa [5] . Midline defects result in disturbances of normal laterality.
Organisms often adopt consistent left-right (LR) asymmetric positioning and morphology of internal organs, a phenomenon known as handedness or chirality. Th e chirality of biomolecules such as sugar and DNA has been recognized for a long time, but the origins of LR asymmetry in living organisms are not yet well understood. In general, the LR patterning is considered to follow four steps: (i) LR symmetry breaking by orienting the LR axis with respect to the anteroposterior and dorso ventral axes [1] ; (ii) transferring initial chiral informa tion into LR positions in a multicellular fi eld; (iii) LR asymmetric expression of signaling molecules; and (iv) asymmetric morphogenesis of visceral organs induced by these molecules [2] [3] [4] . Proper LR patterning requires reliable breaking of LR symmetry at early developmental stages as well as the transmission and amplifi cation of LR signals at later stages. Defects in any of the four steps may lead to severe outcomes in laterality. For instance, during the asymmetric gene expression, the midline struc ture functions as a barrier and keeps left-sided signals from aff ecting the right side, and vice versa [5] . Midline defects result in disturbances of normal laterality.
Abnormality in LR asymmetry is also closely associated with disease. First, abnormality in LR signaling often leads to malformations, including situs ambiguus (one or more organs in the mirrored position) and situs inversus (all internal organs in mirrored positions). Th ese defects may result from heritable genetic diseases such as Kartagener syndrome, or prenatal exposure to teratogens [6] . Maternal diseases such as diabetes can also trigger laterality defects [7, 8] .
Second, many diseases are associated with LR asymmetry [9, 10] . Th e incidence of cancer signifi cantly changes with laterality, with stronger occurrence of lung, testis, and ovarian cancer on the right side, and breast cancer and melanoma on the left side [9] . Th e upper limb malformations associated with Holt-Oram syndrome are also more common on the left side [11] . Detailed analyses showed that the position-dependent incidence of disease may not be necessarily associated with asymmetric organ mass or personal handedness and therefore remains unexplained [12] .
Th ird, there is a strong correlation between breast cancer and abnormal cerebral asymmetry [13] . Altogether, these fi ndings suggest that disease and abnormal LR asymmetry are closely related and may share common developmental origins, whether environmental or genetic [12] [13] [14] [15] . Th erefore, it is of great scientifi c interest and clinical signifi cance to investigate the LR asymmetry in development and disease.
We focus on recent in vitro studies of LR asymmetry, within the overall context of LR patterning in development. Starting from the unsolved problems in two current models of LR symmetry breaking, we discuss in vitro studies of cell chirality, and their possible appli cations in vivo.
Abstract
Invariant left-right (LR) patterning or chirality is critical for embryonic development. The loss or reversal of LR asymmetry is often associated with malformations and disease. Although several theories have been proposed, the exact mechanism of the initiation of the LR symmetry has not yet been fully elucidated. Recently, chirality has been detected within single cells as well as multicellular structures using several in vitro approaches. These studies demonstrated the universality of cell chirality, its dependence on cell phenotype, and the role of physical boundaries. In this review, we discuss the theories for developmental LR asymmetry, compare various in vitro cell chirality model systems, and highlight possible roles of cell chirality in stem cell diff erentiation. We emphasize that the in vitro cell chirality systems have great promise for helping unveil the nature of chiral morphogenesis in development.
LR symmetry breaking in development
Th e initiation of LR asymmetry in development, also known as LR symmetry breaking, is one of the most intriguing problems in developmental biology. While it is widely believed that LR patterning is ultimately derived from the chirality of biomolecules, the exact mechanism, timing, and location of symmetry breaking are still being debated. Th e central question is how the biophysical molecular chirality is converted into LR asymmetric gene expression during development. Two important modelsthe primary cilium model and the voltage gradient model -can each provide an explanation, but they diff er about how and when the molecular chirality gives rise to positional information.
In the primary cilium model (Figure 1a ), the symmetry breaking is considered to occur at the ventral node at the late neural-fold stage of mouse development. Th e node cells are well organized and have beating primary cilia on their membranes, which drive a leftward fl ow, leading to the LR asymmetry of gene expression of Nodal and other proteins [16] [17] [18] . Th e LR asymmetry breaking via primary cilia has three essential characteristics: (i) a consistent posterior tilt of cilia; (ii) synchronized beating; and (iii) unidirectional cilia rotation (that is, in the counterclockwise direction when viewed from the ventral side). Th e posterior orientation of cilia and concerted beating are believed to relate to the interaction between node cells, possibly through planar cell polarity [19] [20] [21] . However, the mechanism by which cilia beat in a unidirectional fashion remains unclear. In addition, evidence suggests that the primary cilia model may not play equally important roles in all cases [22] [23] [24] .
In snail, fl y, chick and pig, cilia are not present during LR development. In addition, several mutants have abnormal or no ciliary motion, but their LR asymmetric body plan is found to be normal [24] [25] [26] . Th ese suggest that ciliary motion is not necessarily required for LR pattern ing, and that other mechanisms might be responsible for LR symmetry breaking.
A second mechanism involves an electrical voltage gradient ( Figure 1b ) that transports small LR determinants such as serotonin to one side of the body, where they initiate asymmetric gene expression of Nodal and other proteins. Th e voltage gradient, determined by asymmetric localization of ion channels, was found as early as the two-cell or four-cell cleavage stages in the Xenopus and chick embryos [27, 28] . In addition, cell asym metric migration at the Hensen's node of chick embryos was found to be a downstream event for transient depolarization of membrane potential on the left side mediated by H + /K + ATPase activity.
It is believed that the ion channel mRNAs and proteins are directionally transported by the involvement of chiral 'F' molecules so that ion transporters are mostly localized at the right-ventral side. Th e concept of 'F' molecules was fi rst presented by Wolpert and colleagues [1] , and these molecules have three mutually perpendicular axes that follow the anteroposterior axis, the dorsoventral axis, and the LR axis. Th e nature of the 'F' molecule is largely unknown. A cytoskeletal origin of asymmetry was recently demonstrated by fi nding the pre-existence of chirality of actin cytoskeleton wrapped around the cortex of Xenopus eggs [29] . In addition, the actin/tubulin network was conjectured to fulfi ll the function of 'F' molecules, with actin aligned at the bottom and microtubules on the top along the LR direction, with the directional transport along microtubules defi ning the LR axis [4] . However, this cytoskeleton network model remains to be character ized and validated for the orientation of the LR axis with respect to the other two axes of the early embryo.
In general, the breaking of LR symmetry has been associated with the function of chiral cellular structures, such as the ventral node in mice. Importantly, chiral structures must be organized in a specifi c fashion so that their collective behavior allows generation of signifi cant biophysical signals that can be translated into local asymmetric gene expression and subsequently amplifi ed into the diff erence between the LR sides. Two questions are of fundamental interest in this regard: whether chirality is a fundamental property of the cell, and how the chirality of single cells is translated into multicellular chiral morphogenesis. It will be greatly helpful if these questions can be addressed in in vitro systems, where asymmetric biophysical and biochemical cues can be excluded.
In vitro cell chirality
Th e chirality has been observed in several cellular systems [30] [31] [32] . For instance, bacterial colonies can develop chiral morphology with branches twisted in the same handedness [30] . Th is behavior is believed to be derived from the chirality of the fl agella that propel the cell body and induce a defi ned handedness of rotation. Th e neurite outgrowth of hippocampal explants has a rightward bias, and turns clockwise on two-dimensional substrates [31, 32] . Such turning has been shown to be driven by the autonomous right-screw rotation of growth cone fi lopodia, possibly through the interactions between myosins (Va and Vb) and fi lamentous actins.
It was not until recently that intrinsic cell chirality has been studied in a well-controlled and highly repeatable fashion and detected in almost all cell types [33] [34] [35] . We will review recent research progress on cell chirality at the levels of single cells as well as multiple cells. In these in vitro systems, no node, cilia or fl uid fl ow is required to establish consistent asymmetry, indicating that chirality is a fundamental intrinsic cellular property.
Chirality at the single cell level was clearly demonstrated by Xu and colleagues [33] through studying the migration of sparsely seeded neutrophil-like diff erentiated HL-60 (dHL-60) cells ( Figure 2 ). It was found that upon the induction of polarization by a uniform chemoattractant (f-Met-Leu-Phe (fMLP)), the cells primarily migrated in the direction defi ned by the axis from the middle of the nucleus to the centrosome, but had a tendency to move toward the left side. Th e authors proposed that the chiral structure of the centrosome could be responsible for the observed single cell chirality, and that the centrosome could polarize the cell and subsequently determine its directional response to chemical stimuli. Th e cell chirality could be observed by inducing neutrophils to polarize without creating spatial cues and by studying single cell polarization in conditions free of the eff ects of neighboring cells. Th e authors defi ned cell chirality as either the leftward or rightward bias, with respect to two predefi ned cellular axes: one axis defi ned by the cells' attachment to the substrate and the other axis defi ned by the centrosomes' relation to the nuclei. A leftward bias was observed for dHL-60 cells and found to be microtubule dependent. Inspired from studies in neurons and astrocytes, the Cdc42/Par6 polarity pathway was investigated for specifi c mechanisms of establishing cell chirality. Upstream disruption of the pathway (that is, interfering Par6, Cdc42, or phos pha tidyl inositol (3,4,5)-trisphosphate) prevented the estab lish ment of polarity altogether, while downstream disrup tions (that is, interfering protein kinase C-ζ or dynein) were only found to randomize the chirality. Surprisingly, constitutive activation of glycogen synthase kinase-3β (GSK3β), located in the middle of the proposed Cdc42/Par6 polarity pathway, was able to reverse the bias of fMLPinduced polarity rather than just randomize it. Recently, this system was used to demonstrate the non-ciliary role of microtubule proteins in LR patterning across biological kingdoms [36] . Mutation of tubulin was shown to alter 
LR patterning in plants, nematodes and frogs, as well as human cells in culture.
Th e establishment of chirality at a multicellular level has also been related to the intrinsic cell chirality. We previously investigated the establishment of the LR axis by characterizing multicellular alignment and migration in response to micropatterned appositional boundaries ( Figure 3) [34, 37] . By using micropatterning techniques, a cell monolayer was formed within geometries, which imposed boundary conditions on cells and thus forced them to make the LR decision. A prerequisite to forming this chirality was the geometric imposition of two opposing boundaries within a distance up to several hundred micrometers, such as those found in geometries composed of linear strips and rings but not in square or circle geometries. Primary use of ring geometry allowed for the use of an image-based algorithm, based on the overall alignment of individual cells with respect to the circumferential direction, to determine the multicellular chirality as clockwise (CW) or counter-clockwise (CCW).
Th is LR decision was apparent at a multicellular level, and specifi c to cell phenotype. Most investigated cells (for example, endothelial cells, osteoblasts, adult mesenchymal stem cells, and fi broblasts) displayed a CW bias, except for two myoblast cell lines, derived from mouse and human skeletal muscles, which were found to have a CCW bias. Th ese results suggest that cell chirality might alter during the diff erentiation of stem cell function. Th erefore, it will be necessary to investigate the chirality of the cells relevant to LR asymmetry development, and examine eff ects of important biochemical and biophysical LR signals.
Investigations into the mechanism behind multicellular chirality revealed the role of actin in the establishment of CCW cell lines, as revealed by the reversal of CCW chirality to CW chirality upon the introduction of actininterfering drugs. Surprisingly, it was found that microtubule-destabilizing drugs had no eff ect on the establishment of CCW or CW chirality. Th us, while the establishment of a directional bias is still undetermined, there is a clear role for functional actin in establishing the CCW alignment. In addition, the cells were found to have a consistent polarization, with their centrosome (rather than the nuclei) positioned closely to geometrical boundaries [38] , and a directional cell migration along the boundary. Using the same defi nition of three axes of Xu and colleagues [33] , the CCW alignment on rings can be considered as a cellular 'leftward' bias, and CW as a 'rightward' bias.
Recently, Chen and colleagues [35] also were able to observe multicellular chirality at a larger scale (that is, several centimeters) on two-dimensional surfaces through the use of micro-fabrication techniques (Figure 4 ). Th ey found that culturing vascular mesenchymal cells on substrates containing alternating cell-adhesive coated fi bronectin lanes and non-adhesive coated polyethylene glycol lanes resulted in a highly organized chiral pattern. Th e cells initially attached to fi bronectin-coated lanes with a similar chiral alignment found by Wan and colleagues [34] , and subsequently expanded to the entire surface with polyethylene glycol degradation, forming a rightward bias of an approximately 20° angle between grooves and aligned cells. Th e accumulation of stress fi bers upon encountering substrate interfaces was speculated to induce mechanical cues that lead to the formation of chiral patterns aligned diagonally to these interfaces. Th is hypothesis was confi rmed in inhibition studies with the nonmuscle myosin-II inhibitor blebbistatin, and the Rho-associated kinase (ROCK) inhibitor Y27632.
A reaction-diff usion mathematical model was developed to describe possible eff ects of two morphogens: bone morphogenesis protein (BMP)-2, a slowly diff using activator, and matrix γ-carboxyglutamic acid protein (MGP), a rapidly diff using inhibitor of BMP [39] . Within a two-dimensional domain, they created a spatiotemporal gradient of chemicals. Th e cells were assumed to respond to the gradient of morphogens with a consistent directional bias that was responsible for the chirality of pattern formation. However, it needs to be experimentally validated whether and by which mechanisms these two morphogens can induce a reliable bias relative to the chemical gradient axes. In summary, all the in vitro cell chirality systems rely on defi nite cell polarization either transiently determined upon the exposure to chemoattractants, or induced by physical boundaries, and the chirality is detected as a result of biased cell movement in a direction perpendicular to cell polarization. Th e single cell system [33] presents the fi rst direct demonstration of the existence of chirality of single cells, but it requires cell centrosome and nucleus live imaging and is currently limited to only one cell type, dHL-60. Th e micro patterning system by Wan and colleagues [34] , on the contrary, demonstrated, with a variety of cells in a highly reliable fashion, that multicellular chiral structures can emerge from a homogeneous cell population within well-controlled microscale boundaries. Chen and colleagues [35] further showed that such an initial cell chiral alignment could be propagated into a larger scale if cells are allowed to migrate out of the boundaries. Altogether, these studies suggest that most, if not all, cells are chiral in nature, and single cell chirality can manifest into multicellular chiral morphogenesis with well-controlled boundaries, even at a large scale.
Possible roles of cell chirality in LR asymmetry
All these in vitro cell chirality systems suggest that chiral morphogenesis can be generated without specifi c embryonic structures such as ventral node or even beating cilia. Most, if not all, cells are intrinsically chiral, just like what was found with Xenopus eggs [29] . Th erefore, these in vitro studies provide further support for cytoplasmic models, such as directional transport in fertilized eggs in the voltage gradient model. Furthermore, in vitro studies demonstrate that, under certain conditions, cell chirality will appear as biases in cellular function: migration and alignment. Th ese new fi ndings may provide alternative explanations for LR embryonic development.
We believe that advances in the understanding of cell chirality in in vitro systems could potentially help unveil the mechanism of in vivo LR asymmetry development [37, 40] . First, the intrinsic cell chirality may utilize the same cell machinery that is responsible for LR symmetry breaking. Th e current models for early LR development (that is, nodal fl ow and voltage gradient) still have essen tial unanswered questions, which could be addressed by studying cell machinery involved in intrinsic cell chirality. Second, it is possible that the intrinsic cell chirality may contribute to other LR asymmetry events such as heart tube and gut looping, and brain asymmetry [22] . Th ird, boundaries might direct the establishment of chiral structures. Interestingly, biased cell migration has been found around the Hensen's node (equivalent to the ventral node in mice) in chicken development [41] .
Interestingly, drugs regulating cell chirality resemble those aff ecting LR asymmetry. Actin function was critical for cell chirality on patterned surfaces. Many asymmetric breaking events are related to actin function, such as asymmetric cell division, chiral alignment of embryonic cells at early stages of development, and in vitro actin shear structure induced in the Xenopus egg. In the snail Lymnaea stagnalis, the interference of actin dynamics, but not microtubules, alters the chirality of early dextral embryos [42] . In the hindgut looping of Drosophila, the mutation of myosin ID, an actin motor, was found to reverse chirality of hindgut looping [43] [44] [45] . In Caenorhabditis elegans, the LR asymmetry was found to associate with actin and cortical forces and be regulated by noncanonical signaling pathways [46] . Th e recent progress in the in vitro cell chirality may greatly accelerate research in LR asymmetry during develop ment. An in vitro cell chirality system allows for quick assessment of eff ects and mechanisms of relevant drugs and growth factors in a well-controlled manner, by excluding possible confounding factors.
However, it is important to point out that it is still not clear when and how cell chirality is exactly utilized during the development. In particular, the cells on a twodimensional substrate may behave quite diff erently from those in embryonic development. Cellular microenvironments, including soluble factors and extracellular matrix, need to be better mimicked in in vitro systems [47] [48] [49] before they can be utilized in LR asymmetry research in embryonic development.
Conclusion
In vitro cell chirality may create a new paradigm to study the role of intracellular and intercellular machinery in LR asymmetry breaking in development. Whether and to what extent the intrinsic cell chirality can be used to explain the LR asymmetry events are intriguing questions to be addressed in future work. Abbreviations CW, clockwise; CCW, counter-clockwise; dHL-60, diff erentiated HL-60; fMLP, f-Met-Leu-Phe; LR, left-right.
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